PACS. 74.60Ec -Mixed state, critical fields, and surface sheath. PACS. 74.60Ge -Flux pinning, flux creep, and flux-line lattice dynamics. PACS. 78.20Ls -Magnetooptical effects.
Flux dynamics in superconductors is a long-standing topic, which is still of considerable interest [1] , [2] . Since the penetration of magnetic flux is of fundamental importance for the superconducting properties of a sample, it has been studied in numerous investigations, in particular in conventional type-II superconductors [3] . The motion of flux lines in these materials depends crucially on the presence of pinning centres, which lead to flux gradients inside the superconductor as described by the critical-state models. Since these field distributions do not correspond to an equilibrium distribution of the flux line lattice, the system can eventually become unstable. Several authors have discussed instabilities of the critical state leading to flux motion in form of vortex avalanches [4] , or on larger scale, of flux jumps [3] , [5] . In contrast to conventional superconductors, high-T c superconductors show a very large time dependence of their magnetization (flux creep) [6] - [9] as the vortices move to a state closer to equilibrium. Using magneto-optical imaging [3] , [10] , the time scale on which flux creep takes place is easily accessible experimentally with a spatial resolution down to a few mm. This allows local time-dependent investigations of the flux line lattice in superconductors to be carried out by either the conventional (where the applied field, H a , is kept constant) [11] or the dynamic (using various sweep rates to reach a given H a ) method [12] .
Depending on the magnetic history of the sample, even more drastic effects can be observed in YBa 2 Cu 3 O 7−δ crystals, as shown in refs. [13] - [16] . Applying a reversed field to a previously generated remanent state causes the formation of an annihilation zone between pinned flux and newly entering antiflux. Above a temperature of 47 K, the previously regularly shaped flux front starts to form irregular meandering patterns. This effect persists until an upper limit in temperature (≈ 80 K) is reached; above this limit, the irregular patterns vanish. The annihilation zone may also be generated by field-cooling and subsequent removal of the field [15] . In this letter, we present a detailed time-dependent magneto-optical investigation of states with such complex flux distributions.
Using the magneto-optical visualization techniques based on the Faraday effect, which combine a high spatial resolution with the unique possibility to observe dynamic processes [3] , [10] in real time, a direct observation of flux motion can be realized. The field distributions are obtained by the rotation of the polarization plane of linearly polarized light which passes a magneto-optically active layer exposed to the magnetic field of the underlying superconductor. From flux-free regions the light is reflected without rotation and thus cannot pass the microscope analyzer, which is set in a crossed position with respect to the polarizer. The images presented here are, therefore, maps of the z-component of the local magnetic field, B z , and increasing brightness corresponds to increasing values of |B z |. As magneto-optical active layer, we use a Bi-doped YIG film with in-plane anisotropy. The microscope provides a uniform light field and a heat filter ensures that the heat load on the sample is negligible. The images are recorded using an 8-bit Kodak DCS 420 CCD digital camera (1536 × 1024 pixels per frame) and subsequently transferred to a computer for processing.
Single crystals of YBa 2 Cu 3 O 7−δ were grown by a self-flux method in Y-stabilized ZrO 2 crucibles. The crystals have a transition temperature T c = 93 K and a sharp transition width δT c ≤ 0.25 K. The studied crystal is a platelet with thickness d ≈ 50 mm. By applying uniaxial stress parallel to the plate at T = 450
• C, the crystal was completely detwinned. The detwinning was monitored in a polarization microscope allowing the application of an optimum amount of stress. As twin boundaries can severely disturb the flux distributions [17] , the detwinning is essential for our observations.
In the magneto-optical apparatus the sample was mounted on the cold finger of an optical helium flow cryostat [10] , [18] . The sample was glued onto a copper holder using GE-varnish, and the indicator film is laid on the sample surface. The magnetic field was applied perpendicular to the sample surface (i.e. along the c-axis) using a copper solenoid coil with a maximum field of ±120 mT. Figure 1 shows flux patterns obtained after applying at t = 0 s a reversed field of −12 mT to a previously generated remanent state. The applied field, H a , to produce the remanent state was chosen larger than the full penetration field, H * . The observation temperature was T = 65 K. In (a), the flux pattern is shown at t = 10 s. The meandering of the border between positive (remanent) flux in the centre, and negative (invading) vortices is well developed. With increasing time (t = 20 s) in (b), a number of macrovortices are formed along the annihilation zone. These are seen in the images as bright droplets representing localized regions of enhanced flux density. They are all located in the domain of negative vortices where the flux density gradients are largest. Eventually, these droplets start to move, often in a spiral-like fashion as seen, e.g., in (e) to (g) at the upper invading flux front. Here, a comet tail behind the droplet can be seen indicating that droplets perform a counter-clockwise spiral motion. In contrast, one observes at the lower front that a droplet moves similarly in a clockwise direction. Note that after t = 60 s (e), even new droplets are formed at the lower flux front, while the majority of them was created in the interval between 10 s and 20 s.
The images and the corresponding flux density profiles clearly indicate that the invading antivortices at the flux front are in fast motion as compared to the flux in the remainder of the sample. During the relaxation experiment, the annihilation zone moves towards the sample centre by about 100 mm. Furthermore, the flux density profiles show a considerable decrease of the flux density gradients perpendicular to the flux front. The time dependence of the flux patterns were observed totally for 600 s. We found that after about 150 s (g), the flux patterns become quasi-stationary again, and only regular flux creep takes place. Figure 2 shows magneto-optical images of another experiment on the same sample, also at T = 65 K. Now, a negative field of −28 mT is applied at t = 0 to a remanent state again generated with H a > H * . As our sample has a nearly regular shape, the discontinuity (d-)lines of the currents, i.e. lines along which the current flow makes abrupt turns in order to adapt to the critical state [17] , are clearly visible. We find that the flux droplets are also formed along these d-lines. At the flux front on the right, three sharp "fingers" of antiflux can be seen in (a) taken at t = 10 s. At t = 20 s, (b), a flux droplet is formed at the tip of the middle finger. Subsequently, the droplet performs a clockwise motion until it disappears together with the original finger. In (b), at the upper finger another droplet is formed which has only a short As discussed in ref. [15] , the fingering phenomenon leads to different patterns in subsequent experimental runs, so the effect is clearly an instability of the vortex lattice and not related to a specific defect structure in the sample. Very recently, a theoretical explanation was attempted by Bass, Shapiro, and Shvartser [19] . This theory regards a situation where vortices enter a sample which already contains moving flux of opposite sign. The vortex velocity in the flux creep regime, v v , is given by v v = v 0 exp[−U/kT ] with U denoting the pinning potential. The theory focusses on the process of vortex-antivortex annihilation and the associated heat release. The process is governed by the temperature transfer equation ∂T /∂t = κ∆T + δQ/δt − γ(T − T 0 ). Here κ is the electron diffusion coefficient, γ is the temperature relaxation rate and T 0 is the sample temperature in the absence of flux motion. The rate of energy dissipation is given by δQ/δt = (n + n − /c v τ )Q 0 , where n ± is the vortex/antivortex density, c v is the specific heat, τ is the vortex-antivortex recombination rate and Q 0 is the heat released by a single-vortex pair annihilation. When solved together with the appropriate equations of recombination theory [20] , one arrives at the following conclusions regarding the stability of a planar annihilation zone: The flux-antiflux interface suffers a fingering instability if the vortex velocity exceeds a critical value given by v c = (
, where n 0 is the vortex density far from the interface and ξ is the annihilation cross-section. From the different temperature dependences of the vortex velocity, v v (T ), and the critical value v c (T ), the theory predicts that one should expect the instability to occur only in a temperature interval. This is indeed what we observe experimentally, where in the present sample a turbulent behaviour can be seen only between 47 and 80 K [15] .
Further observations support that the present instability is governed by thermal conditions. Fingering was largely suppressed when the crystal was glued to the cold finger of the cryostat using CCC (conductive carbon cement, Neubauer Chemikalien, Münster, Germany), which is a better thermal conductor as compared to the GE varnish. We find that fingering is also suppressed when a crystal with well-developed turbulent behavior is divided into smaller segments. Again, this could be related to the thermal conditions. A more systematic study of these two effects is in progress.
The formation of the droplets follows from a fragmentation of the increased reverse flux density developing in the tips of the growing fingers. The droplets are seen to have a relatively narrow-size distribution ranging from 20 to 50 mm. The flux density in the centre of the droplets increases with the droplet size, and reaches, e.g. in fig. 1 , a maximum value of −15 mT. Unfortunately, the droplet formation cannot be studied within the framework of the linear theory of the instability. Further development of the theory should account for the interaction between the fingers, which we believe is essential to produce flux droplets.
To analyse the images in terms of flux creep, we performed an integration of the measured light intensities in a given frame. The total intensity, I tot , is a measure of the flux Φ in the sample. This integration method works for small selected areas up to the whole image. The procedure was used previously to analyze flux creep in not fully penetrated states, in samples with inhomogeneous current distributions and even in individual grains of polycrystalline samples [11] , [12] . The integration of the magneto-optical image intensities is closely related to measurements of magnetic moments using a magnetometer. The time dependence of I tot is presented in fig. 3 . Interestingly, the dependences of I tot on time are well behaved and do not show any anomalies. The decay of I tot with time is logarithmic as shown in the inset. The creep rate, S, can be determined to be S = 2.7% (H a = −12 mT) and 3% (H a = −28 mT).
It is important to point out that in a relaxation experiment on a magnetometer one normally applies a large positive field before the magnet is swept to the negative target field. This procedure corresponds exactly to the procedure of recording our magneto-optical images presented here, as long as the applied negative field is smaller than the full penetration field, H * . The fact that no anomalies in the low field relaxation behaviour are reported in literature, is consistent with our result shown in fig. 3 . This demonstrates that such turbulent relaxations can best be studied using magneto-optical imaging as this technique provides instantaneous and global information about the flux distributions.
In conclusion, we have performed time-dependent observations of flux relaxation in a twin free YBa 2 Cu 3 O 7−δ single crystal at a temperature where turbulent flux patterns dominate the remagnetization process. Whereas the flux integrated over the sample area shows regular flux creep behaviour, the local dynamics display fingering and formation of isolated flux droplets. The fingering of the flux-antiflux boundary can be understood within a newly developed theory regarding the heat release in the vortex-antivortex annihilation process. ***
